This analysis examined associations between total reduced sulfur (TRS) and hydrogen sulfide (H 2 S) levels, and hospital visits for respiratory disease among residents of Dakota City and South Sioux City, Nebraska, from January 1998 to May 2000. For reference, the association between TRS, H 2 S, and digestive diseases was also examined. Time-series analyses of daily hospital visits in the selected outcome categories and measures of TRS and H 2 S were performed using generalized additive models with a Poisson link. TRS and H 2 S levels were categorized as high if at least one of the daily 30-min rolling averages was Z30 ppb and as low if every rolling average was o30 ppb. Loess smoothers allowed for flexible modeling of the time effect and the effect of temperature and relative humidity. The measure of association used was the mean percent change in the average number of hospital visits recorded following a day with a high exposure versus a day with a low exposure. For children less than 18 years of age, a positive association was found between asthma hospital visits and 1-day lagged TRS levels. For adults, a positive association was found between asthma hospital visits and H 2 S levels on the previous day. A positive association also was found between hospital visits for all respiratory diseases, and H 2 S and TRS levels on the previous day for children but not for adults. No association was found between contaminant levels and hospital visits for all digestive diseases. These findings suggest that TRS or H 2 S levels may be associated with exacerbations of asthma or other respiratory diseases among the residents of Dakota City and South Sioux City.
Introduction
The Dakota City and South Sioux City communities are located in northeast Nebraska. These communities are bordered on the north and east by the Missouri River and Sioux City, Iowa. The Nebraska Department of Environmental Quality has identified 13 point sources of total reduced sulfur compounds (TRS) in the Dakota City and South Sioux City area. TRS refer to the combined concentration of sulfur in air from hydrogen sulfide, methyl mercaptan, dimethyl sulfide, and dimethyl disulfide, but Federal and state ambient air monitoring data indicate that hydrogen sulfide (H 2 S) is the primary component of TRS in the area. Sources of TRS include a large beef slaughter and leather tanning facility with a 582,000 square foot liquid waste treatment complex, a wastewater lagoon for a truck wash, and a small municipal wastewater treatment facilities. At the time of the study, the large liquid waste treatment complex (the largest source) was estimated to release approximately 1900 pounds of H 2 S per day (Reyher D., personal communication, United States Department of Justice, unpublished data). Approximately 1000 residents live within one mile of this source. Based on historical sampling, the communities were not exposed to ambient sulfur dioxide (SO 2 ) air pollution at levels of concern. As a result, monitoring for SO 2 was discontinued years ago. The local communities have voiced concerns for many years that their health might be adversely impacted by the ''rotten egg'' odor and sulfur air pollution. Area residents reported a variety of health complaints, including increased respiratory and neurologic symptoms. Residents have reported that symptoms sometimes occur when they are awakened at night by a strong odor.
In response to these concerns, the Agency for Toxic Substances and Disease Registry (ATSDR) and the US Environmental Protection Agency (EPA) conducted residential air monitoring in August 1996 to determine indoor and outdoor levels of H 2 S (ATSDR, 1997). Reliable data from five of six homes sampled showed both elevated ambient and indoor levels of H 2 S. In Dakota City, repeated peak indoor levels of H 2 S were measured at greater than 90 ppb in one home and between 40 and 90 ppb in two others. Generally, the amount of H 2 S in the air of American cities is between 0.11 and 0.33 ppb (ATSDR, 1997). All five homes had at least 5 ppb of H 2 S for a minimum of 75 min during a 2-month period. The findings suggested a correlation between indoor H 2 S levels and ambient H 2 S levels. However, the available air monitoring data were not sufficient to characterize the spatial and temporal distribution of H 2 S levels in the Dakota City.
In 1998, the Nebraska Department of Environment Quality established a TRS standard of 100 ppb for a maximum 30-min rolling average concentration. There are no international standards for H 2 S. However, in order to avoid substantial complaints about odor annoyance, the World Health Organization (WHO) recommends that ambient H 2 S levels not exceed 5 ppb during a 30-min period (WHO, 1981) . In the United States, H 2 S was established as a regulated toxic substance and a hazardous substance under the Federal Water Pollution Control Act. A population may be exposed to high levels of H 2 S through deliberate release of emissions from pulp and paper mills, natural gas drilling and refining operations, and through hot springs in areas with high geothermal activity.
Recent publications that reviewed the toxicity of H 2 S are ATSDR (1999) and Milby and Baselt (1999a, b) . Many studies have addressed the potential long-term health effects of H 2 S and TRS. In studies of subjects exposed to H 2 S or TRS, researchers have identified respiratory symptoms, decreased pulmonary function test results, and increases in pulmonary disease. The groups studied were sewer workers (Richardson, 1995) , oil and gas workers (Hessel et al., 1997; Mostaghni et al., 2000) , and general populations (Dales et al., 1989; Jaakkola et al., 1990; Partti-Pellinen et al., 1996; Legator et al., 2001) .
The potential health impact of lower concentrations of H 2 S are less well understood. Short-term symptomatic effects have been observed in small experimental studies of healthy volunteers exposed to H 2 S Bhambhani et al., 1997) and in communities exposed to malodorous sulfur compounds (Haahtela et al., 1992; Marttila et al., 1995; Jaakkola et al., 1999) . Haahtela et al. (1992) analyzed responses to a questionnaire given to 75 residents after a high H 2 S exposure period (maximum 4-h of 135 mg/m 3 ; 96 ppb) and after a low exposure period. The occurrence of selfreported ocular, respiratory, and neuropsychological symptoms was considerably increased following the high exposure period. Marttila et al. (1995) found that daily TRS levels (daily average ranging from 0 to 82 mg/m 3 ; 0 to 58 ppb) were associated with increases in symptoms of nasal and pharyngeal irritation in a small population living near a pulp mill (Marttila et al., 1995) . Jaakkola et al. (1999) reported that a reduction in the emission of malodorous sulfur compounds was related to a significant decrease in nasal symptoms and cough frequency (Jaakkola et al., 1999) . Finally, a significant increase in respiratory disease mortality was observed among Rotorua Maori females living in a geothermal area for the years 1981-1990 when compared to other females in New Zealand (Bates et al., 1997) . However, the authors concluded that no convincing evidence of elevated rates of mortality was found because of the possibility of confounding by ethnicity. When Bates et al. (1998) compared the hospital discharge data of Rotorua residents during this time period to that of all other New Zealand residents, they found a significant increase in circulatory diseases among the Rotorua residents (Bates et al., 1998) . A recent study from the same authors in the same study area suggests the existence of chronic health effects from H 2 S exposure (Bates et al., 2002) .
From February 1999 through May 2000, ATSDR and EPA conducted extensive air monitoring to characterize geographic and temporal variation in H 2 S levels throughout the Dakota City and South Sioux City area (Inserra et al., 2002) . This monitoring was designed to support a neurobehavioral study, but the availability of extensive H 2 S data presented a unique opportunity to explore the association between ambient H 2 S levels and hospital visits for respiratory illnesses.
The study area included Dakota City and South Sioux City and the study time period was from January 1998 to May 2000. The purpose of the study was to evaluate the relationships (by age group) between malodorous sulfur compounds and specified respiratory health outcomes. The air contaminants of interest were measured as ambient TRS levels, ambient H 2 S levels, and indoor H 2 S levels. The specific objectives were to investigate associations between the air contaminants of interest and hospital visits for asthma and for all respiratory diseases. As a comparison, associations were also examined between the air contaminants of interest and hospital visits for all digestive diseases.
Population and methods

Source Population
Dakota City and South Sioux City have a combined population of approximately 14,000 (2000 US Census; http://tiger.census.gov/). The population for this analysis was restricted to persons who sought emergency or nonscheduled outpatient care from January 1998 to May 2000 at the two local hospitals (located in Sioux City) and who resided in zip codes 68776 or 68731. Approximately 68% of the residents with these zip codes live inside the South Sioux City and Dakota City limits according to the US Census data (Figure 1 ).
Data
The following data were used: (a) the dates and arrival times of emergency visits and nonscheduled outpatient visits, (b) measurements of air contaminants, and (c) weather information. H 2 S and TRS levels were usually higher throughout the evening and night hours (see Figures 2 and 3) ; therefore, a day unit in this investigation corresponds to 24-h period from noon to noon. Weekend periods begin at noon on Friday and end at noon on Monday. Holiday periods begin at noon the day before and end at noon the day after.
Hospital Visits
In this investigation, ''hospital visits'' include emergency room and nonscheduled outpatient visits. Daily counts of hospital visits for respiratory diseases or symptoms (International Classification of Diseases, 9th revision, ICD-9: 460-519.9 or 786-786.9) and digestive system diseases or symptoms (ICD-9: 520-579.9 or 787-787.9) between January 1, 1998 and May 31, 2000 were extracted from the computerized billing systems of the two local hospitals. For this study, a patient was categorized as an asthma case if either the primary or secondary ICD-9 codes were 493-493.9 for ''asthma'', 519.1 that includes ''reactive airway disease'', or 786.09 for ''wheezing'' (Tolbert et al., 2000) .
In a survey of patients seen in the outpatient clinic of Hospital A during July 2000, approximately 43% of them were scheduled in advance. Scheduled patients were usually those people having routine outpatient procedures, such as endoscopy. Therefore, visits to the outpatient area of Hospital A were not included in this analysis. At Hospital B, however, patient visits to the outpatient clinic visits are not scheduled; instead, patients in distress come to a common area and are triaged to either emergency care or to outpatient care. Visits to the outpatient area of Hospital B were included in this analysis. Visits for digestive system diseases were examined to test for statistically derived associations between health measures and air pollution that are believed to be physiologically implausible. Figure 1 gives the relative locations of the 19 monitoring stations (three for TRS and 14 for H 2 S). Because of lack of confidence, results do not include location 6. Instead, this monitor was re-established as ambient monitoring location 7 in July 1999. Ambient TRS levels were measured at three stations every minute between January 1, 1998 and May 31, 2000 by the Nebraska Department of Environment Quality. TRS was sampled using the fluorescent method (EPA EQSA-0495-100 method code API 100 ATRS) (USEPA, 1997 and Chemcassette s detection system were deployed in eight residences and eight outdoor environmental enclosures. This method is best described as absorbance detection of lead sulfide formed by the reaction of ''sulfide'' with lead acetate-impregnated tapes. These SPM were configured with H 2 S low-level VIP ChemKey s designed by the manufacturer to cover a range of 2-90 ppb. Indoor monitors were placed in first floor living areas in each residence, and operated according to the manufacturer's instructions (Zellweger Analytics, 1995) . Sampling locations were selected by ATSDR and EPA, considering: (a) the location of 13 point sources of TRS and their proximity to populated areas, (b) public complaint, (c) accessibility of household, (d) meteorological conditions, and (e) the results of the previous ATSDR exposure investigation (ATSDR, 1997) .
Air contaminants
Detailed information on characterization of H 2 S exposure in Dakota City and South Sioux City was presented elsewhere (White et al., 1999; Inserra et al., 2002) . In all, 30-min rolling averages were computed for each TRS and H 2 S monitoring station. Levels were characterized as high if at least one of the daily rolling averages was Z30 ppb, and low if all rolling averages were o30 ppb. This cutoff corresponds to the ATSDR minimal risk level (MRL) for an intermediate inhalation exposure (ATSDR, 1999) . Dichotomous variables were formed to minimize the effect of missing data. The days with incomplete 24-h monitoring data were handled as follows: days with high exposure (i.e., at least one rolling average was Z than 30 ppb of TRS or H 2 S) were included; and days with only low exposures (i.e., all rolling averages were o30 ppb of TRS or H 2 S) were excluded from the analysis.
Weather
Temperature, relative humidity and wind direction measurements for the nearest meteorological station (SUX WBAN #14943) located at the Sioux City, Iowa, airport approximately 1 mile southeast of Dakota City, were obtained from the National Climatic Data Center. Of those, less than 1% of temperature and relative humidity measurements were missing and were replaced by data from the next nearest meteorological station, located 60 miles west of Dakota City in Concord, Nebraska. Temperature and relative humidity measurements recorded from the two meteorological stations were highly comparable (data not shown). The daily maximum temperature and maximum relative humidity were included in our analysis. Figure 1 also gives a wind rose plot designed from hourly measurement (January 1998 -May 2000 . Prevailing winds are from the south-east during summer time and from the north-west during the rest of the year (data not shown).
Statistical Methods
The associations between hospital visits (emergency room and nonscheduled outpatient) and ambient TRS and H 2 S levels were analyzed using generalized additive models with a Poisson link because of the non-Gaussian distribution of the data. The measure of association used was the mean percent change (MPC) (Goldberg et al., 2000) . The MPC is the percent change in the average number of hospital visits recorded following a day with high exposure versus a day with a low exposure. The average number of hospital visits per day was modeled adjusting for time effects, temperature, relative humidity, weekends, and holidays. Loess smoothers were used to allow for flexible modeling of the time trends as well as the effect of temperature and relative humidity. The usefulness of generalized additive models for time-series data using loess smoothers has been previously demonstrated (Schwartz, 1996 (Schwartz, , 1999 Goldberg et al., 2000) . In our analysis, 0-, 1-, and 2-day lags were considered and the one that yields a smaller residual deviance (and thus a better fitting model) was selected. The span required for using the loess smoother was chosen based on minimizing Akaike's information criterion (AIC) (Schwartz, 1996) . For time effects, the autocorrelation of the residuals was also considered. A constant dispersion parameter was used to adjust for possible over or under dispersion. The MPC and dispersion parameter were estimated by maximizing the quasi-likelihood. The MPC is computed as [exp(b)-l]100%. Confidence intervals were constructed taking the over or under dispersion into account by assuming that the estimated regression coefficient was normally distributed. The estimates were obtained using the ''gam'' function in S-Plus v. 6.1 (Insightful Corporation, 2002) . The convergence parameters for the ''gam'' function were chosen based upon the recommendation of Dominici et al. (2002) .
Smoothing involves some form of local averaging of data. The most commonly used techniques involve moving average smoothing, which replaces each element of the series by either the simple or weighted average of n surrounding elements, where n is the width of the smoothing ''window''. Generalized additive models allow for some variables to be fit through smoothing. This allows for nonparametric adjustments for nonlinear confounding effects such as time trends, season effects, and weather-related variables. Commonly used methods of smoothing include smoothing splines and loess smoothers. Loess smoothers are a moving regression smoother, which is a generalization of a weighted moving average. Loess smoothers do not require a prespecified number of knots at known locations, as is the case for smoothing splines, and are thus considered to be a more nonparametric alternative to smoothing splines.
A stagewise modeling strategy consistent with that of Hagen et al. (2000) was used. The time effect was modeled first using a loess smoother. Temperature and relative humidity were also modeled using a loess smoother. An indicator variable was included that took the value of 1 for the time period from noon Friday and ending at noon Monday; otherwise, this variable took a value of 0. Another indicator variable was included that took the value 1 for various holidays (Christmas, Easter, Thanksgiving, Labor Day, Memorial Day, and the Fourth of July) and 0 otherwise. After taking the background variation of hospital visits into account, the pollution measures for the various stations were introduced. Models were considered for one station at a time. The stations were not combined because of missing and uncorrelated values, and because noncombined measurements reflect exposure levels and exposure variations to the people living nearby.
Results
Ambient Levels by Station
A high TRS level (30-min rolling average Z30 ppb) was found on about one-fourth of the valid days at each of the three monitoring stations over the 29-month study period (Table 1) . A high TRS level occurred most often at station P and least often at station D. A high H 2 S level (30-min rolling average Z30 ppb) was most often found at indoor station 1 and outdoor stations 4, 5, 7, and 8. Depending on the TRS monitoring station, 31-50% of the days were considered invalid while only 2-18% of days were considered invalid for H 2 S.
Further analyses were conducted for all TRS stations (P, D, and A); H 2 S indoor station 1; and outdoor stations 4, 5, 7, and 8, because high levels were measured during more than 25 days at these stations.
Hospital Visits
The visits to the hospital (emergency room and nonscheduled outpatient clinic) during the study period totaled 455 for asthma, 5009 for all respiratory diseases including asthma, and 2271 for all digestive diseases (Table 2) . Children (o18 years) accounted for more than a third of the asthma and respiratory disease visits, and less than a fourth of visits for digestive diseases. The percentage of noninsured patients treated for asthma was higher than the percentage of noninsured patients treated for all respiratory diseases or all digestive diseases. Patients for each of the disease groups were mainly from South Sioux City. Hospital A provided more hospital-based care for asthma and all digestive diseases than hospital B.
MPC in Hospital Visits
The spans used for the time effect were 0.3 for children's asthma, 0.4 for the adult asthma models, 0.1 for total respiratory disease, and 0.2 for digestive disease. For temperature and relative humidity, a span of 0.5 was used for all models. The pollution measures were modeled with a 1-day lag.
The MPC in hospital visits for all respiratory diseases including asthma was significantly increased on days following high TRS levels at station D for children (25%; 95% CI: 9-44; P ¼ 0.002). The MPC in hospital visits for all respiratory diseases including asthma was significantly elevated on days following high H 2 S levels at indoor station 1 for children only (40%; 95% CI: 12-76; P ¼ 0.002) and outdoor stations 7 (26%; 95%CI: 5-51; P ¼ 0.015), and 8 (31%; 95%CI: 4-66; P ¼ 0.020) ( Table 3) .
The MPC in hospital visits for asthma alone was significantly increased on days following high TRS level at station D for children (65%; 95% CI: 3-163; P ¼ 0.036) (data not shown). The MPC in hospital visits for asthma was significantly increased on days following high H 2 S levels at outdoor station 4 for adults (83%; 95% CI: 4-221; P ¼ 0.035), but not for children (data not shown).
The MPC in hospital visits for all digestive disease was not significantly elevated on days following high TRS levels or high H 2 S measured at any station for any age group (Table 3 ). Table 4 presents the median, range, and Spearman correlations from the various station measurements. The values were based on a noon to noon time period. The H 2 S and TRS stations located the closest together were positively correlated. For example, TRS station P was positively correlated with H 2 S indoor station 1 and outdoor station 4 and 5. TRS stations A and D and H 2 S outdoor stations 7 and 8 also were positively correlated.
Correlations between TRS and H 2 S Levels
Discussion
The small number of hospital visits by the elderly did not allow us to analyze exposure-outcome associations among this sensitive population. However, for study area children less than 18 years of age, the analyses did suggest a positive association between hospital visits for asthma and for all respiratory diseases (including asthma) and TRS levels on the previous day. For children, there was also a positive association between all respiratory diseases (including Respiratory diseases or symptoms ). c Digestive diseases or symptoms asthma) and H 2 S levels on the previous day. Among adults, a positive association was also found between hospital visits for asthma and H 2 S levels on the previous day. Children are more likely than adults to suffer from asthma and may be more susceptible to toxicants. This may explain why more positive associations were found for children than for adults.
These findings are consistent with other studies showing short-term respiratory health effects among small groups of humans Bhambhani et al., 1997) and in communities (Haahtela et al., 1992; Marttila et al., 1995; Jaakkola et al., 1999) . In addition, no association was observed between TRS or H 2 S levels and hospital visits for digestive diseases. As in a number of previous studies of air pollution and respiratory illnesses, visits for digestive diseases were used as a comparison diagnostic category.
This study examined the association between TRS and H 2 S levels and hospital visits for respiratory diseases in a general population. A strength of this study was the ability to monitor community-wide TRS and H 2 S exposure levels. Another strength was the participation of the two local hospitals. It was assumed that most, if not all, hospital visits for Dakota City and South Sioux City residents were captured. Major confounders, such as weekends, holidays, relative humidity and temperature, were also 'included' in the model to control for climatic, temporal, and other potential confounders. Previous sampling by the State of Nebraska and during the ATSDR Exposure Investigation identified H 2 S as the only sulfur contaminant present in sufficient concentrations to cause concern (ATSDR, 1997).
This study was, however, limited in several ways. One of the major limitations was the quality of available exposure data. As this is an ecological study, personal exposures, which can vary due to air conditioning and time spent outdoors, were not measured. Therefore, we assumed that ambient levels of TRS or H 2 S were meaningfully related to personal exposure. Days with only low exposures (i.e., o30 ppb of TRS or H 2 S) and incomplete 24-h monitoring were excluded in an effort to reduce bias associated with misclassification of exposure. The number of invalid days varied by station, which may partly explain why significant associations were observed with some stations and not with others. Additionally, the source and proximity of each monitoring station to the community differed, which may explain some variability in the associations observed. Since 32% of the residents with Dakota City and South Sioux City zip codes lived outside city limits, this may have resulted in some misclassification of exposure. We also assumed that the patient was located in the study area during the day before he/she went to the hospital.
In the present study, associations with TRS and H 2 S levels were presented separately for every monitoring station with at least 25 days of high air contaminant levels. For several reasons, this analytic methodology was preferred to analyses based on exposure data aggregated from the various monitoring stations. First, there was a high frequency of missing data following automatic monitoring equipment failure or electricity outage. Owing to the logistical difficulties of keeping a maintenance technician on site, there were periods of days or weeks between equipment failure and repair and/or calibration by a technician. Completeness of H 2 S monitoring data ranged from 100 to 87%, with a mean of 96% (Inserra et al., 2002) . Completeness of TRS data was not as good and ranged from 83 to 64% (data not shown). Second, H 2 S and TRS measurements with suspected lack of calibration were treated as invalid. Finally, developing an aggregate exposure variable would require replacement of missing values by seasonal averages or by levels recorded at other monitoring stations. We believe that such replacement of missing data could exacerbate any exposure misclassification issues. For example, the main source was located in the middle of the study area (in the middle of a triangle formed by the three TRS monitoring stations). On a windy day, residents living downwind of the main source may be heavily exposed, while residents in other areas may not be exposed at all. In addition, residents more distant to the sources may Table 4 . Median, range levels and Spearman correlation coefficients for the 24-h H 2 S and TRS levels measured during a period from noon to noon. have had only sporadic, very low-level exposures (Inserra et al., 2002) .
Misclassification of the outcome variable in studies of hospital visits constitutes another important concern, but it is likely to have occurred nondifferentially and thus have attenuated any association that may exist (Zeger et al., 2000) . Another limitation is that some affected residents may not have sought medical treatment, or may have sought treatment in facilities other than the two local hospitals. We had no data for these other visits.
In conclusion, these findings are consistent with the hypothesis that exposure to malodorous sulfur compounds increases the risk of respiratory problems and symptoms. Specifically, the findings suggest that ambient levels of TRS and H 2 S may have been associated with exacerbations of asthma or other respiratory diseases among residents of Dakota City and South Sioux City during 1998-2000. Further analyses and replication in other exposed communities are needed to confirm these findings. Such confirmation would point to the need to protect children and adults who live near facilities emitting TRS or H 2 S.
